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. By Ielard G. Desmon and Eldon W. Sams

SUMMARY

An experimental investigation of a blowdown turbine Installed
in the exhaust stream of a 12-cylinder ligquid-cooled englne of
1710-cubic-inch displacement was conducted at the NACA Cleveland
laboratory. Exhaust stacks from palrs of cylinders with nonover-
lapping exhaust strokes were Jolned and connected to the six
turbine-nozzle segments.

The blowdown turbine and the reciprocating engine were each

loaded with separate dynamometers and data were obtalned for engine

gpeeds of 2000, 2400, and 3000 rpm, engine Inlet-manifold pressures

of 30 and 40 inches mercury absolute, fuel-alr ratios of 0.063, 0.069,

and 0,085, end a range of ratios of exhaust to inlet-manifold pres-

sure from 0,3 to 0.9. A%t each set of engine conditions, a range of
turbine speeds sufficlent to define the peak wvalue of turbine horse-
power was Investigated. ' \

The data obtained are correlated and compared with data obtalned
from a smaller WACA blowdown turbine previously lnvestigated. The
effect of the presence of the turblne on engine power and volumetrlc
efficiency is shown. Calculated compound-engine performance is pre-
gented for a system lncorporating a blowdown turbine and for a
system incorporating a blowdown and a steady-flow turbine in series.’
Included for comparlson is the calculated performance of an enging
aystem with all-geared supercharging, one with turbosupercharging,
and. a compound engine with a steady-flow turbinse.

The calculations indicated that under certaln conditions, the
blowdown-turbine compound englne produced more power than the steady-
flow-turbine compound engine for the altitude range from sea level
to 31,000 feet.
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INTRODUCTION

At the time of exhaust-valve opening, the pressure of the gas
in the cylinder of an internal-ccmbustion engine is considerably
above atmospheric pressure, and the gas 1is therefore capable of
doing an appreciable amount of work by further expansion. If a
steady-flow turbine is operated in conjunction with an internal-
combustion engine, most of the kinetic energy assoclated with the
blowdown period (the portion of the exhaust stroke from exhaust-
valve opening until cylinder pressure has decreased to exhaust-
collector pressure) is largely dissipated as heat in the exhaust-
gas collector and nozzle box. This kinetic energy may be partly
converted to useful work, however, by Jjet stacks or a sultably
designed turbine. Two turbines, gimilar to Bichi turbines , have
been constructed at the NACA Cleveland laboratory for this purpose.
The results of the investigation of the performance of the first of
these two NACA blowdown turbines operating in conjunction with a
nins-cylinder radial engine are presented in reference 1, where it
is shown that a considerable amount of kinetic energy was converted
to shaft work and that the presence of the turbine caused no appre-
ciable engine power loss, .

Inasmuch as the investigation of reference 1 was conducted
over a limited range of conditions with a comparatively small tur-
bine and a low-powered engine, an investigation was accordingly
conducted at the NACA Cleveland laboratory over a greater range of
variables on a larger blowdown bturbine installed on a high-powered
engine. Hach unit was loaded with a separate dynamometer. Engine
speeds of 2000, 2400, and 3000 rpm, engine inlet-manifold pressures
of 30 and 40 inches mercury absolute, a range of fuel-alr ratios
from 0,063 to 0.085, and & range of ratios of exhaust- to inlet-
manifold pressure from 0.3 to 0.9 were covered. At each set of
engine conditions, & range of turbine speeds sufficlent to define
the peak value of turbine horsepower was investigated.

The experimental performance of the blowdown turbine is pre-
sented along with a method of correlating the data. Calculated
compound-engine performance is presented for a system incorporating
a blowdown turbine and for a system incorporating a blowdown and a
steady-flow turbine in series. Included for camparison is the cal-
culated performance of an engine system wlth all-geared super-

charging, one with turbosupercharging, and a compound engine with
a steady-flow turbine.
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The following symbols and abbreviations are used in this report:

o

L}

ntsfc

SYMBOLS

effective nozzle area, squars feset
fuel-alr ratio

mass ratio, 32.17 pounds per slug
mass flow of air, slugs per second

mass flow of exhaust gas through turbine, slugs per second

engine speed, rps

net brake horsepower
net thrust horsepower

net thrust specific fuel consumption, pounds per net thrust
horsepower-hour

turbins power output, horsepower
system-exhaust pressure, pounds per square foot absolute

engine inlet-manifold pressure, pounds per square foot
absolute

pressure drop, pounds per square foot

gas constant for exhaust gas (from reference 2), foot-
pounds per slug per °F

effective turbine-inlet temperature, °R

temperature increment equivalent to turbine power output, OF
turbine pitch-line veloclty, feet per second

mean Jjet velocity at turbine-nozzle exit, feet per second

exhaust Jet velocity, feet per second

airplane velocity, feet per second
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V3 englne displacement volume, cubic feet

Yo ratio of specific heats for exhaust gas (from reference 2)
qp propeller efficlency, assumed to be 85 percent

'ﬁt mean turbine efficlency

n, volumetric effliciency

APPARATUS AND FROCEDURE

Construction of blowdown turbine. - The nozzle assembly of .
the blowdown turbine was comstructed in six segments, each covering
an arc of 60° of the nozzle periphery. Front and rear views of the

assembled nozzle box are shown in figure 1. Each nozzle segment had -

an exlt area of 2.83 sguare inches in a plane perpendicular to the
gas flow and accommodated the gas from a pair of cylinders with non-
overlapping exhaust periods. The actual area of 17 square Iinches
thus corresponds to a total effective area of 34 square lnches. The
cholce of nozzle area is discussed in the appendix. In order to
insure even distribution of gas entering the turbine, each nozzle
gegment was fitted with nine equally spaced guide vanes set at
angles of 24° with respect to the plane of the wheel.

The turbine wheel had a pltch-line diameter of 13.2 inches,
was primarily of the Impulse type, and included a shroud ring per-
manently fixed to the individual blades. The wheel and the shaft,
the bearing housing, and the oil system were obtained from a com-
mercially mamifactured turbosupercharger.

A labyrinth-type seal was placed between the nozzle diaphragm
and the bearing housing to prevent leakage into or out of the tur-
bine gas system, and compressed alr was used to balance the seal
pressures and cool the enclosed part of the bearing housing. Pro-
vislon was made for cooling both upstream and d.ownstream gldes of
the turbine whesl.

Reciprocating engine. - The V-type, 12-cylinder, liquid-
cooled reciprocating engine used in the installation was the same
as that used In reference 3 and had the following pertinen'b
gpecifications:

976
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Bore, INCHeS . o « ¢ o ¢ o ¢ ¢ o o o o o o = ¢ ¢ s o o s o o o 050
Stroke, INCHOB v + 4 « ¢ o o o o o o « o s ¢ s o ¢« o o o o o o« 6,00
Displacement volume, cubic Inches . . . . « ¢« ¢ ¢ ¢« ¢« . . « . 1720
Compression ratio . &+ ¢ ¢ ¢ o o o o o ¢ ¢ o o ¢« o o o s o o » 65,65
Valve overlap, degIGO8 4 o o « o o o o o o o o o o o o o o o o o 14
Supercharger-impeller diameter, inches . . . . + « « ¢ ¢ &« o« o 9.5
Supercharger-gear ratio . « ¢« ¢ ¢ ¢ ¢ ¢ o ¢« « 2 o ¢« o « &« o 8,121

Additlonsl information concerning the engine and its installation
are contained in reference 3.

Teat setup. - A photograph of the blowdown-turbine installation
showing the turbine with its dynamometer and the accessories sectlon
of the reciprocating engine is presented in figure 2. The turbine
power was eabsorbed by a 300~horsepower, manually-controlled, high-
speed water dynsmometer; the engine power was absorbed by a 2000-
horsepower, electronically-controlled, eddy-current dynamometer.

Part of the program was conducted wlith the engine drawing the
charge alr from the room. When the desired inlet-menifold pressure
was unattainable in this way, the laboratory combustion-air system
was used to increase the pressure at the carburetor inmlet. A dutter-
fly valve located in the charge-air intake pipe between the air-
meaguring orifice and the engine was used to adjJust the carburetor-
inlet pressure.

Exhaust plpes from palrs of cylinders with nonoverlapping
exhaust periods (cylinders 1 and 6, 2 end 5, and 3 and 4 in each
bank) were Joined and connected to six turbine-nozzle-inlet pipes.
Bellows~-type expansion Joints were located in the englne-exhaust
pipes to permlt expansion while insuring a gas-tight system. The
exhaust. gas from the turbine was collected in an annular hood of
circular cross sectlion and discharged through four radial pilpes to
the laboratory exhaust system.

Turbine and emngine torgue were each measured with a balanced
diaphragm-type torquemeter and a mercury mancmeter. Turblne and
engine speed were each measured with & chronometric tachometer.

An estimate of the mean turbine-inlet pressure (mean engine-
exhaust pressure) was obtained by conducting static-pressure tubes
to a small surge tenk from each of the six pipes that commected
the engine-exhaust ports to the turbine-inlet pipes and then
measuring the pressure therein. These pressure tubes were placed
downstream of the Junction of the two individual cylinder-exhaust
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gtreams but upstream of the bends in the turbine ducting. Turbinse-
exhaust pressure was obtalned by two plezcmeter rings, one located
Just upstream and one, downstream of the four discharge pipes in the
‘turbine hood.

9L6

Turbine-exhaust temperaturss were obtained by four gquadruple-
shielded chromel-alumel thermocouples, one 1n each of the four
turbine-exhaust pipes. Turbine-exhaust temperature was measured
instead of turbine-inlet temperature because of the cyclic nature
of the flow In the turbine-inlet pipes. At any given set of condi-
tions, the turbine discharged to a substantially constant pressure
thus permlitting greater reliability of the temperature measurements.

Test methods. - The investiéation was conducted with the engine
throttle fully open for all rums, the combustion-air throttle
upstream of the carburetor being used to adjust the engine inlet-
manifold pressure to the desired valus. Engine speed, inlet-manifold
pressure, fuel-alr ratio, and turbine-exhaust pressure were held at
congtant values while turbine speed was varied in increments through
e range sufficlent to define the peak values of turbine horsepower.
Sufficient time was allowed at each turbine speed for the measured
variables to reach equilibrium.

The Investigation was made at the following conditions:

Engine speed, TIM « « ¢« « ¢« o« o o « o « o « « « o 2000, 2400, 3000 a
Engine Inlet-manifold pressure, inches

mercury absolute . . ¢ . . ¢ i e 4 e e 4 s s e e e e o . 30, 40
Fuel-girratio . .. ... ¢ ¢ s ¢+ .+« .. . 0,063, 0,069, 0.085

Ratlo of turbine-exhaust to engine
Inlet-manifold pressure . « « « ¢ o« 2« « « o ¢ ¢ o o o 0.3 to 0.9

Engine speed was held within *5 rpm, manifold pressure within
% 0,1 inch mercury, and fuel-air ratio within +0.001 of the
respective desired values. As in reference 3, the carburetor-inlet
temperature was 90°x15° F, the engine oil-inlet temperaturs was
maintained at 150°x 5° F by autamatic control, and the coolant-
outlet temperature was held constant at 2200 £5° F,

METHODS OF CALCULATION

The reduction of turbine data as well as the calculations of
complete engine systems 1s presented. .
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Reduction of Turbine Data

Turbine power. - The. power of the blowdown turbine may be
expressed, as in references 1 and 4, in terms of the available
kinetic energy by the relation

-— 2 [
Vo 1
l7e ‘e It
Pt =2~ 580 (1)

It is shown in equation (1), however, that caleulation of the
efficiency %t requires knowledge not anly of the measurable
quentities, turbine power and mass flow, but also of the mean Jet
velocity at the turbine-nozzle exlt. In a steady-flow turbine, the
theoretical nozzle-exit velocity 1s easily computed from theory and
measurable quentities. For the case of Intermittent flow such as
ocours In the blowdown turbine, the instantaneous velocity is not
constant throughout the blowdown process and the mean Jet velooity
Vo 1s difficult to determine analytically. It can be experimen-
tally determined, however, (referemce 5) by directing the exhaust
gas from en engine cylinder through a nozzle againet a pivoted
target, thus permitting measurement of the Jet thrust. The mean
Jet velocity Vg, 1s the thrust per unit mass flow. Reference 5
reportes the results of such an investigation wherein the thrust
avallable from & single cylinder of an 1820-cubic-Iinch-displacement
englne was determined for several exhasust-stack shapes, lengths,
and nozzle areas.

In reference 5, it was shown that the mean Jet velocity fram
an individual cylinder Jet stack could be expressed by a relation

of the form
ﬁ:e =1 <%?’) , (2)

It was also indicated that Ve should be a function of exhaust-
gas temperature, but no data showing the relatlon are given.

In order to correct turbine output and efficlency for variations
in gas temperature, the assumption was made in reference 1 that the
following relation between Vg and temperature applied:

v, P
e _ _ £5

ot (3)
NReTo  \Mo A[ReTo

e e
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The mean Jjet velocity as given in equation (2) was used in ref-
erence 1 to calculate the mean efficiency of a blowdown turbine_(equa-
tion (1)). However, as the exact functional relation between Ve and
peA/I-ie may be expected to vary from engine to engine, it is undesir-
able to apply data obtained on ocne engine to others, particularly

when the valve timings are appreclably different. Also, any small
error in Vg would approximately double the error in estimated

turbine power because the power varies as 'Vez. The uncertalnty

would be decreased, however, if the turbine data could be correlated
in such a_menner as to minimize the importance of the need for exact
date on Vg. That this correlation can be mede approximately is

shown as follows: Rearranging equation (1) and diyiding through by
R,;T, 8lves
550 Py, Voo Mt
HoFoT,  2RoT,

The turbine effliclency was found in reference 1 to be a func-

tion of blade to-Jet speed ratio u/V, and peA/McNReTe so that
from equations (3) and (4),

(4)

550 Py ' DA u
= = f3 —_— (5)
MeReTe My AReTo Vo

Equation (5) indicates that for constant velues of u/fe s
¥ should be a function of only the parameter pgA/Mg/A[ReTe. Inas-
much a8 Ve 18 also a function of DgA/Mg NReTe (equation (3)),
it is possible to plot VY instead of efficiency against u for
various constant values of pe,A/Me )\[Re'.['e in order to 1llustrate
turbine performence. On the assumption that_the turbine efficlency
becames & maximum at & constant value of u/Vy regardless of the
value of peA/‘Me AlRe‘I‘e , 1t should be possible to plot the maximum
values of ¥ obtained from variable-speed runs at constant values
of pAM, )\,Refre against pgA/Mg I\IReTe and obtain a single curve
regardless of how the individual quantities in the parameter are
varied. It might also be expected from a consideration of the
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similarity of turbine-efficilency curves that if ﬂ’/mﬁax for each of

the constant peAﬂﬁeALReTe runs were plotted against u/V,, a
single curve would result for all values of DgA/M, AR.T, -

Although Vg is still involved in the method of correlating
V/Y .y 1t 18 not expected that the scatter in the data will be as

great as would result from the use of an efficiency that involves
the square of V.

Effective turbine-inlet temperature. - The effective turbine-
inlet temperature T, was obtained by adding the temperature incre-
ment equivalent to the measured turbline power per pound of exhaust
gas to the turbine-exhaust temperature, as obtained fram the
quadruple~shielded thermocouples. The temperature increment equiv-
alent to the turbine power output AT, wes calculated by the

relation
550 P 7. -1
t ©
AT = 6
e MRg < 7e ) (8)

The value of 7, was chosen at turbine-exhaust temperature to
simplify the calculation of ATg. The values of turbine-inlet tem-
perature obtained in this way for any given set of variable-turbine-
speed runs at fixed engine conditions should theoretically be a
constant. In this investigation, the values of T, were essen-
tially constant for constant engine conditions.

Turbine speed and blade-to-Jet speed ratio. - The effect of
turbine speed. an turbine power is shown by plots of the parameter
550 P, /M,R,T, &gainst turbine speed. In order to determine whether

the individual power-speed ourves all conformed to a single charac-
teristic shape, the ratio of turbine power at any value of turbine
speed to the maximum faired value of turbine power for the run was
plotted against the calculated value of blade-to-Jet speed ratio
u/Vs, which is the ratio of turbine-pitch-line velocity to mean Jet

~
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velocity at the turbine-nozzle exit. Values of Vg Zfrom refer-
ence S5 were used in the absence of a simllar -fe correlation for

the engine investigated. The error introduced by use of these
values is negligible, as wlll be subsequently shown.

Complete Engine-System Calculations

Best power and best economy of the five engine systems are
compared in order to determine the relative value of the blowdown-
turbine performance.

Not thrust horsepower and specific fuel consumptlon were cal-
culated for the followlng five engins systems:
System Description

A Compound engine with geared blowdown and steady-
flow turbines

Compound engine with geared steady-flow turbine
Compound engine with geared blowdown turbline
Turbosupercharged engine

Engine with all-geared supercharging and individual
Jjet stacks

H U a

Each system incorporates, in addition to a 1710-cubic-inch-
displacement engine (with engine-stage supercharger), an auxiliary-
stage supercharger with an efficlency of 80 percent, an intercooler
with a cooling effectiveness of 50 percent, and a propeller with an
efficiency of 85 percent. In systems A, B, and C, the turbine
(turbines in system A) drives the auxiliary supercharger, and the
excess turbine power is geared to the engine crankshaft through a
gearbox with an efficiency of 95 percent. An efficiency of 80 per-
cent was assumed for the steady-flow turbine. An effectlive nozzle-
exlt area of 0.236 square foot (the same as that of the investi-
gation) was used for the blowdown turbine. The turbine-exhaust ges
passes through an exhaust-discharge nozzle with an assumed velocity
coefficlent of 0.96, For the case of the turbosupercharged engine
(system D), the steady-flow turbine provides Jjust enough power to
drive the auxiliary supercharger; the remainder of the energy in
the exhaust gas becomes available to the exhaust-discharge nozzle.

-
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In system E, the engine power mnecessary to drive the auxiliary
supercharger is transmitted through the gearbox; the engine exhaust
gas expands through individual exhaust stacks to the atmosphers.

The calculations were made for an alrplane veloclty of 400 miles
per hour, an engine speed of 2600 rpm, an engine inlet-manifold
pressure of 40 inches mercury absolute, and a fuel-alr ratio of
0.069 for a range of engine exhaust-to-inlet-manifold pressure
ratios Pe/bm sufficient to define both best power and best econ-

omy at each of several altitudes from O to 45,000 feet. The effects
of flight ram on engine Inlet-manifold pressure and temperature were
not congidered because they influence each system in a simllar
manner. The required specific-heat data were obtalned from refer~
ence 2. ‘

Engine data from reference 3 were used as the basls upon which
the performence of the various systems was calculated because the
scope of these data was greater than that of the present investige-
tion. Thus all the systems could be evaluated with the same basic
engine. Auxiliary supercharger power was calculated assuming the
charge air was compressed from amblent altitude conditions to car-
buretor top-deck pressure. Blowdown-turbine power was computed
from the correlation curves here included assuming an engine-exhaust
pressure equel to turbine-inlet pressure, no pressure drop through
the turbine, and optimum tuwrbine speed. The exhaust-gas temperature
drop equivalent to the power sxtractiion of the blowdown turbine was
subtracted from the englne-exhaust temperature and the resulting
temperature was assumed to be that at the inlet of the next exhaust-
energy-recovery device. Steady-flow-turbine power was assumed to
be that obtained by expanding all the exhaust gas from engine-
exhaust pressure and temperature (blowdown-turbine exhaust temper-
ature in system A) to exhaust-discharge nozzle-inlet pressure.

In systems A, B, C, and D, the turbine -leaving velocity was
taken into account when computing the exit veloclty of the exhaust-
discharge nozzle., In addition, the nozzle-inlet pressure was main-
tained at the value that would provide maximum net thrust horse-~
power for the complete engine system. For system E, the exit
veloclity of the individual exhaust stacks was obtained from the
correlation in reference 5, exhaust-stack-exit area being assumed
equal to engine-exhaust-port area.

The net brake horsepower of each system is considered to be
the horsepower at the propeller shaft after the contributions of
the turbine (or turbines) and that of the auxiliary supercharger
have been taken into account.
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Net thrust horsepower nthp was assumed to be

My [(L+£) Ty - Vo]V

550 (7

nthp = Ty nbhp +
where the fuel-alr ratio £ is 0.069 and airplane velocity Vo 1s
587 feet per second (400 mph).

Net thrust specific fuel consumption ntsfc 1s

3600 £gM,
n-bsfc = e—— (8)
nthp

RESULTS AND DISCUSSION

Turbine performence and the performances of the complete engine
systems are presented.

Turbline Performance

Turbine power. - Representative blowdown-turbine data are shown
in figure 3 where turbine horsepower is plotted agalnst turbine
speed for ranges of engine speed, engine Inlet-manifold pressurs,
fuel-air ratio, and nominal turbine-exhaust pressure.

The effect of engine speed on turbine power 1s presented 1in
figure 3(a). Turbine power increased with engine speed as would be
expected inasmuch as the charge flow and the mean-~jet velocity at
the turbine-nozzle exit Vg both increase with engine speed. The
turbine speed at which turbine power is maximum also increased with
engine speed as is characteristic for a given impulse-type turbine,
(Maximum power occurs at a constant value of blade-to-Jet speed
ratio independent of other operating conditions.)

The effect of engine inlet-manifold pressure on turbine power
is shown in figure 3(b). Turbine horsepower again increased with
engine inlet-manifold pressure because of the increase in charge
flow and Vg. The turbine speed corresponding to maximum turbine
horsepower also increased with engline inlet-manifold pressure.

The effect of fuel-alr ratlo on turbine power is presented in
figure 3(c). As fuel-air ratio was increased from 0.063 to 0.069,

976
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turbine power increased slightly because of an increase in turbine-
inlet temperature (engine exhaust-gas temperature). Although no
data were obtained at higher fuel-alr ratios for the conditions of
this figure, it 1s expected that turbine power would decrease
glightly as fuel-air ratio is enriched from 0.069 because the engine
exhaust-gas temperature would decrease. \

The effect of turblne exhaust pressure on turbine power 1s
presented in figure 3(d). Turbine power increased as turbine-
exhaust pressure decreased because the mean get velocity Vg
increased, and the charge flow increased. The change in the tur-
bine speed at which maximum turbine power occurs 1s again due to
change in Vg.

The maximm turbine power shown on figure 3 1s 134 horsepower
and was developed at an engine speed of 2000 rpm, an engine inlet-
manifold pressure of 40 inches mercury absolute, a fuel-alr
ratio of 0,085, and an average turbine-exzheust pressure of
14.4 inches mercury absolute. A slightly larger power (142 horse-
power) was obtained at other conditiomns, however.

All the turbine data obtained throughout the investigation are
presented in figure 4 where the variation of the turblne-power
paremeter 550 Py/McRgT, with turbine speed is shown for various

engine inlet-manifold pressures, fuel-alr ratios, and values of

peA/Me'\/ReT . Curves for engins speeds of 2000, 2400, and 3000 rpm
are presented.

Each of the individually faired curves are for a substantially
constant value of the dimensionless parameter peA/Mea,/ReTe, as Indi-
cated on the figure. They are parabolic in form and of the same general
shape as those of mean turbine efficiency against blade-to-Jet speed
ratio shown in reference 1. The sglight irregularities in the suc-
cession of the parameter pgA/Mg4/ReTe &are attriduted to experi-
mental error.

Turbine-power correlation. - Peak turbine power is correlated
in figure 5(a) where the maximum faired values of the parameter

550 Py/MR,T, from each curve of constant pgA/Mgn/ReTg of fig-
ure 4 are plotted against the corresponding values of pe,A/Meq/ReT .
Similar data from reference 1 are included for comparison.

The value of the power parameter decreases at a decreasing
rate as the value of the parameter PeA/Me RoTg I1ncreases. These
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curves are independent of fuel-air ratio and engine inlet-manifold
pressure. An engine-speed effect is in evidence, however, indicating
the importance of additional variables to those considered in the
correlation parameter.

The blowdown turbine of reference 1 produces higher values of

the power parameter for a given value of peA/'Me 1/Re‘1‘ . This result
was expected inasmuch as data obtained from tests of the two turbine
wheels, each operating at steady-flow conditions, indicate that the
wheel of reference 1 is the more efficient one.

Bffect of blade-to-Jjet speed ratio on turbine power. - The
effect of blade-to-jet speed ratio on turbine power 1s presented in
figure 5(b) in which all data obtained in the investigation are
correlated.

The correlation was obtained by dividing the value of the
turbine-power parameter for each data point by the maximum faired
value of the power parameter for each curve of constant PeA/Me’\/ RgTe
(£ig. 4) and plotting against the corresponding blade-to-Jet speed
ratio u/V_e.

The curve is independent of engines speed, engine inlet-manifold
pressure, fuel-air ratio, and turbine-exhaust pressure. Meximum
turbine power occurs at a value of blade-to-Jjet speed ratio of
ebout 0.4.

The use of wvalues of Ve from figure 10 of reference 5 is
considered satisfactory here because any discrepancy that might
exist between the actual values of Vg and those of reference 5 -

enter figure 5(b) to the first power only and are then minimized
because the correlation curve is fairly flat in the vicinity of the
peak. The error introduced by the assumption appears to be negli-
gible because the correlation obtained is good and the shape of the
curve and location of the optimum blade-to-Jet speed ratio obtained
is characteristic of the impulse-type wheel investigated.

Correlation of pressure drop through engine-exhaust system
and turbine. - The pressure drop through the engine-exhaust system
and turbine is correlated in figurs 6. .

The correlation was effected by dividing the pressure drop as
obtained from the static taps in the six turbine-inlet pipes and
the static taps in the turbine-exhaust hood by the engine inlet-
menifold pressure and plotting against the ratio of turbine-exhaust

9L6
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pressure to englne inlet-manifold pressure, Data were ‘not ob‘\tained
at all conditlions of operetion because of occasional mechanical
failure of one of the exhaust-pressure measuring systems.

At constant engine speed, the pressure drop decreases with
increasing blowdown-turbine exhaust pressure and the curve level
rises wlth increasing engine speed (fig. 6). The pressure drop
indicated in the correlation includes losses due to a large part of
the exhaust piping with several sharp bends between the engine and
the turbine. Although the validlty of the absolute values of the
upstream pressure measurements may be doubtful because of the cyclic
nature of the flow in the tubes, it is belleved that the values of
the pressure are useful in showing the trend of the pressure drop
due to the exhaust restriction for a range of operating conditions.

Effect of presence of turbine on engine power and volumetric
efficiency. - The effect of the presence of the turbine on engine
power and volumetric efficlency is shown in figure 7. The curves
of this figure are for engins speeds of 2000, 2400, and 3000 rym,
engine inlet-manifold pressure of 40 inches mercury absolute, a
fuel-air ratio of 0.085, and a carburetor-alr temperature of
900 +5° F,

The vardation of engine breke horsepower with pé/pm is shown
in figure 7(a). The pressure p, refers to the turbine exhaust
when the turbine was in place and to the engine exhaust when the
turbine was not in the system, The data for the case of the engine
operating alone were obtained from reference 3 wherein the engine
exhausted to a modified P-38 exhaust collector.

The difference in engine power with and without the turbins
increases with increasing engine speed and decreasing Dg/pp
(from a value of about 1.0). At a value of Dpg/p, equal to 0.36
and an engine speed of 2000 rpm, the engine developed 927 horse-
power when the turbine was not In the system and 890 horasepower
when the turbine was In the system. This engine-power loss is
equivalent to about 28 percent of the turbine power obtained at
optimum blade-to-Jet speed ratio and the aforementioned conditioms.

This loss in power 1s greater than was anticlipated from the
turbine design and is attributed to the combined effects of the
large flow resistance of the exhaust pipes connecting the engine
and the turbine and the fact that the data from reference S5, which
were used in the turbine design, are not directly applicable
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quantitatively to the engine of this investigation. TUndoubtedly,
the engine power loss can be reduced at the design condition by
utilizing a somewhat larger blowdown-turbine-nozzle area. The
turbine-power correlation (£ig. 5) would not be materially affected
by & change in nozzle area (provided the geometry of the turbine-
nozzle diaphragms is similar) because the parameters thereof prop-
erly account for such change.

The variation of volumetric efficiemcy 71, with Dpo/p, is

shown in figure 7(b). Data obtained with the turbine in place
match the faired curves from reference 3 (engine exhausting to mod-
ified P-38 exhaust collector) falrly well at low engine speeds and
values of Pe/Pm throughout the range investigated. As speed 1is
increased, however, volumetric efficlency eventually decreases. As
in reference 5, exhaust restriction affects power before volumetric
efficliency. .

Performance of Complete Engine Systems

Variation of net thrust horsepower and specific fuel consump-
tion of five engine systems with altitude. - The calculated perform-
ance of five propulsion systems each incorporating a 1710-cubic-
inch displacement engine is presented In figure 8 for an alrplane
velocity of 400 miles per hour over a range of altitudes from sea
level to 45,000 feet.

As has been shown in reference 6, a campound engine incorporating
a steady-flow turbine can be operated at a ratio of englne exhaust to
engine-inlet-manifold pressure such that the power is a maximum or the
specific fuel consumption is a minimum for a given altitude and set
of engine conditions. In figures 8(a) and 8(b), the variation of net
thrust horsepower and specific fuel consumption with altitude is
shown for the conditions corresponding to best-power and best- \
economy operations, respectively. Inasmuch as the blowdown-turbine
compound system A, the turbosupercharged system D, and the all- |
geared. supercharging system E all operate at fixed values of exhaust
pressure for a given altitude, the curves representing these three
systems do not change in going from best-power (fig. 8(a)) to best-
econamy operation (fig. 8(b)).

It is shown that for best-power conditions the two-turbine
system A has the highest power and lowest specific fuel consumption
of all five systems throughout the altitude range from essentially
sea level to 45,000 feet. Its power is 23 percent higher with a
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pressure to engine Inlet-manifold pressure. Data were not obtained
at all conditions of operation because of occasional mechanical
failure of one of the exhaust-pressure measuring systems.

At constant engine speed, the pressure drop decreases with
increasing blowdown-turbine exhaust pressure and the curve level
rises with increasing engine speed (fig. 6). The pressure drop
indicated in the correlation includes losses due to a large part of
the exhaust plping with several sharp bends between the engine and
the turbine. Although the validity of the absolute values of the
upstream pressure measurements may be doubtful because of the cycllc
nature of the flow. In the tubes, 1t .1s belleved that the values of
the pressure are useful in showing the trend of the pressure drop
due to the exhaust restriction for a range of operating conditions.

Effect of presence of turbine on englne power and volumetric
efficiency. - The effect of the presence of the turbine on engine
power and volumetric efficlency is shown in figure 7. The curves
of this figure are for engine aspeeds of 2000, 2400, and 3000 rpm,
engine inlet-manifold pressure of 40 inches mercury absolute, a
fuel-air ratio of 0.085, and a carburetor-air temperature of
900 15° F,

The variation of engine brake horsepower with p,/p, is shown
in figure 7(a). The pressure p, refers to the turbine exhaust
when the turbine was in place and to the engline exhaust when the
turbine was not in the system, The date for the case of the engine
’operating alone were obtained from reference 3 wherein the engine
exhausted to a modified P-38 exhaust collector.

The difference 1n englne power with and without the turbilne
increases wlth increasing engine speed and decreasing Pe/Pm
(from a velue of about 1.0). At a value of Dp,/pm; edual to 0.36
and an engine speed of 2000 rpm, the engine developed 927 horse-
power when the turbine was not in the system and 890 horsepower
when the turbine was in the system. This engine-power loss 1a
equivalent to about 28 percent of the turbine power obtained at
optimm blade-to-Jet speed ratio and the aforementioned conditions.

This loss in power is greater than was anticlpated from the
turbine design and is attributed to the combined effects of the
large flow resistance of the exhaust pipes connecting the engine
and the turbine and the fact that the data from reference 5, which
were used in the turbine design, are not directly applicable
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quantitatively to the engine of this investigation. Undoubtedly,
the engine power loss can be reduced at the design condition by
utilizing a somewhat larger blowdown-turbine-nozzle area. The
turbine-power correlation (fig. 5) would not be materially affected
by & change in nozzle area (provided the geometry of the turbine-
nozzle diaphragms is similar) because the parameters thereof prop-
erly account for such change. -

The variation of volumetric efficlency 1, with »g /pm is

ghown in figure 7(b). Data obtained with the turbine in place
match the faired curves from reference 3 (engine exhausting to mod-
ified P-38 exhaust collector) fairly well at low- engine speeds and
values of D./m, throughout the range investigated. As speed is
increased, however, volumetric efficiency eventually decreases. As
in reference 5, exhaust restriction affects power before volumetric
efficiency.

e

Performance of Complete Engine Systems

Variation of net thrust horsepower and specific fuel consump-
tion of five engine systems with altitude., - The calculated perform-
ance of five propulsion systems each incorporating a 1710-cubic-
inch displacement engine is presented in figure 8 for an airplane
velocity of 400 miles per hour over a range of altitudes from sea
level to 45,000 feet.

As has been shown in-reference 6, a compound engine incorporating
a steady-flow turbine can be operated at a ratio of engine exhaust to
engine-inlet-manifold pressure such that the power is a maximum or the
specific fuel consumption is a minimum for a given altitude and set
of engine conditions. In figures 8(a) and 8(b), the variation of net
thrust horsepower and specific fuel consumption with altitude is
gshown Tor the conditions corresponding to best-power and best-
economy operations, respectively. Inasmuch as the blowdown-turbine -
campound system A, the turbosupercharged system D, and the all-
geared. supercharging system E all operate at fixed values of exhaust
pressure for a given altitude, the curves representing these three
systems do not change in going from best-power (fig. 8(a)) to best-
economy operation (fig. 8(b)).

It is shown that for best-power conditions the two-turbine
system A has the highest power and lowest specific fuel consumption
of all five systems throughout the altitude range from essentially
sea level-to 45,000 feet. Its power is 23 percent higher with a
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corresponding fuel consumption 20 percent lower than that of the
turbosupercharged engine D at an altitude of 45,000 feet for the
given conditions.

The blowdown-turbine system C produces more power than the
steady-flow turblne system B up to an altitude of 31,000 feet.
The specific-fuel-consumption curves cross at an altlitude of aboutb
9000 fest, above which altitude the steady-flow-turbine system B
has lower specific fuel consumption. At low altitudes, system C
produces about the same power and specific fuel consumption as
system A.

The following table summarizes the relative power and fusl
consumptlon of the five systems at four altitudes based on the per-
formance of the turbosupercharged engine (best-power Pe/Pm):

Altitude|Geared blow-|Geared Geared blow- |Turbo- |All-geared
(ft) |down and steady-flow|down turbine|super- |supercharging
steady-flow |turbine (B)|(C) charged jwith individ-
turbines (A) engine |ual Jet
(D) stacks (E)
Relative net thrust horsepower
0 108 100 108 100 105
15,000 113 106 111 100 102
30,000 118 107 107 100 95
45,000 123 109 102 100 87
Relative net thrust speclfic fuel consumption
0 92 98 93 100 98
15,000 88 91 93 100 103
30,000 84 90 95 100 109
45,000 80 8¢9 100 100 113

The performance curves for best-economy conditions (fig. 8(b))
are similar to those of figure 8(a) and show that the two-turbine
system A agaln has lower fuel consumption than the other four
gystems throughout the altitude range. The blowdown-turbine sys-
tem C has & higher speciflc fuel consumption than the steady-flow
turbine system B above an altlitude of about 2000 feet but it
produces higher power than the steady-flow-turbine system up to an
altitude of about 39,000 feet. The lmprovement 1n specific fuel
consumption for systems A and B in golng from best-power to best-
economy operation ls obtained at the expense of a power loss.
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SUMMARY OF RESULTS

Investigation of the performance of a blowdown turbine installed
in the exhaust system of & 12-cylinder, liguld-cooled engine of
1710-cubic-inch displacement gave the following results:

1. The power of the blowdown turbine at optimum blade-to-Jet
speed ratio was correlated on a nondimensional basis such that the
resultant curve was independent of fuel-air ratio and engine ilnlet-
manifold pressure.

2, Turbine power at all values of blade-to-Jjet speed ratio was
correlated by plotting the ratio of turbine power at any value of
turblne speed to the maximum faired value of turbine power agalnst
the corresponding blade-to-Jet speed ratio. Maximum turbine power
for the turbine Investigated occurred at a value of blade speed
equal to about 0.4 of the mean jJet velocity at the turbine-nozzle
exit. The correlation i1s independent of engine speed, engine
inlet-manifold pressure, fuel-air ratio, and turbine-exhaust pres-
sure,

3. The blowdown turbine investigated developed 134 horsepower
(approximately maximum for the range of the investigation) at an
average exhaust pressure of 1l4.4 inches mercury absolute when
the englne was operated at a speed of 2000 rpm, an englne inlet-
manifold pressure of 40 inches mercury absolute, and a fuel-air
ratio of 0.085., The corresponding engine brake horsepower (from
faired data) was 830. Previously obtained date indicated that at
an engine-exhaust pressure of 14,4 inches mercury absolute and
the same engine operating conditions, the engine would develop
927 horsepower 1f the turbine were not in the system.

From calculations of the performence of five engine systems,
the following results were obtained:

4, At an altitude of 45,000 feet, the assumed compound engine
incorporating a blowdown turbine and a steady-flow turbine in
geries in the engine exhaust and geared to the engine crankshaft
produced 23 percent more power than did a turbosupercharged engine
operating at the same conditions.

5, The blowdown-turbine compound engine produced more power
than the steady-flow turbine compound engine for the altitude
range from sea level to about 31,000 feet and lower specific fuel
consumption for altitudes up to 9000 feet.
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6. For low-altitude operatlon, the geared blowdown-turbine
system gave approximately the same power and economy as the system
incorporating a blowdown turbine and a steady-flow turbine in
series designed for the best-power operation.

Iewls Flight Propulsion Iaboratory,
National Advisory Committee for Aeronautics,
Cleveland, Ohlio, July 16, 1948,
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APPENDIX - TURBINE-NOZZIE AREA AND EXHAUST RESTRICTION

As 1s indicated in references 3 and 7 and other reports in
which the effect of exhaust pressure on engine performance 1s shown,
engine power decreases with increasing exhaust pressure (decreasing
exhaust-nozzle area). On the other hand, it is generally expected
that the energy recovery from the exhaust gas will increase with a
decrease in exhaust-nozzle area. The design nozzle area of devices
for utilization of energy in engine exhaust gas, such as turbines
and Jet stacks, may therefore be quite critical if the sum of the
powers of the reciprocatling engine and the exhaust-energy-recovery
device 1s to be maximum.

A discussion of nozzle area applicable to the present problem
is contained in reference 5, in which it is seen that the change
in indicated power at fixed engins condlitions, the criterion for
choice of nozzle area, is a function of the ratio pg /pm and the
quantity vgn/A. Reference 5 further shows that for the condition
of no engline power loss, the critical or proper values of vd_n/A
increase with increasing Pe/Pm° In view of this trend, optimum
nozzle area for a compound system incorporating a reciprocating
engine and a blowdown turbine will obviously increase with altitude.
I a blowdown turbine is to be interposed in the gas stream between
a reciprocating engine and a steady-flow turbine and the engine is
to be operated at a constant value of Pe/Pm: a single blowdown-
turbine-nozzle area will be satisfactory for all altitudes.

The turbine-nozzle area for this investigation was designed
for no engine power loss at an engins speed of 3000 rpm and a ratio
of exhaust to engine inlet-manifold pressure equal to 0.7. The
variation of vd_n/A with Pe/Pm for the 1820-cubic-inch displace-
ment engine (reference 5) was used for the nozzle design because
similar date for the present engine were unavailable. At a value
of Pe/Pm of 0.7 and no engine power loss, a value of vd_n/A
equal to 210 is indicated. By substituting the engine displacement
and design speed in the relation vdn/A = 210, the regquired effec-
tlve nozzle area for the 12 engine cylinders is 0.236 square foot.
If this annular area normal to the direction of the exhaust-gas
flow were to be included in the blowdown turbine, however, the tur-
bine would be unduly large and heavy. Inasmuch as pairs of engine
cylinders may be selected such that they have nonoverlapping exhaust
perlods, one nozzle segment with an area of 2.83 square inches
(one-twelfth of the required effective nozzle area) can serve two
cylinders., In this wvay, the actuasl area was reduced to one~half of
the effectlive nozzle area and thus the weight and dlameter were
reduced.

9.6
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Figure 1. - Blowdown-turbine nozzle assembly.
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Figure 2., - Blowdown-turbine installation.
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(b) Effect of engine inlet-menifold pressure. Engine speed,
2000 rpm; fuel-air ratio, 0.085; turbine-exhaust
pressure, 21 to 22 inches mercury absolute.

Figure 3. - Representatiﬁe blowdown-turbine power data.
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Figure 8, - Varietion of net thrust horsepower and specific fusl consumption with altitude for

five engine systemsa.

Engine apeed, 2600 rpm; engine inlet-manifold pressure, 40 inches
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Pigure 8. - Concluded. Varlation of net thrust horsepower and specific fuel consumption with
altitude for flve engine syastema, ZEngine speed, 2600 rpm; engine inlet-manifold Preegsure,
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